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Unit 4

Marine Productivity
In this unit, you will

 • Discover patterns in global primary productivity.

 • Compare terrestrial and marine productivity.

 • Explore the key resources required for productivity.

 • Correlate variations in marine productivity with limiting resources.

 • Investigate sources of marine nutrients.

 • Synthesize observations to evaluate the causes of dead zones.
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The ocean provides up to 20 percent of the world’s food supply.
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Bounty from the seaWarm-up 4.1

Seafood makes up  percent of the world’s food supply, with over one billion 
people depending on its resources for survival. As seafood harvests have increased 
over the past two centuries, populations of some species of marine life have 
decreased and even become extinct. Given the ocean’s vast area, it is diffi  cult to 
locate, monitor, and track changes in stocks of commercially important fi sh and 
shellfi sh. Th us, scientists frequently use satellites to indirectly assess the health of 
fi sheries and the ocean ecosystem.

A key indicator of the ocean’s health is primary productivity, or the rate at which 
new organic material is produced through photosynthesis (Figure  at left). 
Photosynthesis is the process by which plant cells containing the green pigment 
chlorophyll use sunlight to convert water and carbon dioxide into the food (sugars 
and starches) and oxygen needed by most other organisms. Satellites can measure 
the amount of chlorophyll contained in single-celled plants in the ocean’s surface 
layer, from which we can estimate primary productivity.

Food chains (Figure  below) and more complex food webs (Figure  below) 
illustrate feeding relationships among organisms in biological communities. At 
the base of food chains and webs are autotrophs, which produce their own food 
for growth and reproduction through photosynthesis. In the ocean, the primary 
autotrophs are phytoplankton, microscopic single-celled plants that drift near 
the ocean surface. Th e remaining organisms in food webs are heterotrophs, which 
obtain food by feeding on other organisms.

autotroph — (“self-feeder”) organism that 
makes its own food rather than consuming other 
organisms.

heterotroph — (“other-feeder”) organism 
that consumes other organisms.

Figure 2. Simple marine food chain. Arrows 
represent the transfer of energy from one organ-
ism to another through consumption. 
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Figure 1. Photosynthesis and respiration.
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Th e preservation of each link in a food web is critical for maintaining diverse and 
healthy biotic communities. However, certain organisms are more critical than others.

 . Examine the complex marine food web in Figure  on the previous page. 
Add anchovies (A), tuna (T), and humans (H) where you think they 
fi t best. Draw arrows as needed to show consumption of and by other 
organisms.

This question calls for speculation, so answers will vary.

 . What do you think would happen if all of the autotrophs were removed 
from the marine food web?

Initially, only those heterotrophs that directly feed on them would be aff ected, but soon 
the entire food web would collapse from the lack of primary food.

 . What do you think would happen if one of the heterotrophs, such as the 
predatory fi sh, were removed?

Removing one of the heterotrophs would have serious consequences for organisms 
higher on the food chain that depend on that organism for food. Some organisms would 
adapt, but others may die off . It would also aff ect the organisms lower on the food 
chain, by not keeping their numbers in check.

 . How do humans infl uence food webs?

Humans infl uence food webs as consumers, eating organisms and depleting their 
numbers; but also by modifying the environment through fi sheries management, 
control of invasive species, pollution, destruction of habitat, etc. — making it more or 
less capable of supporting the biotic community and its members. 

Photosynthesis requires four key ingredients: water, sunlight, nutrients, and 
carbon dioxide. For marine autotrophs like phytoplankton, there is plenty of 
water available in the oceans. Carbon dioxide is also abundant in ocean waters. It 
is released as a by-product of respiration, and it is readily absorbed into the ocean 
from the atmosphere. Th us, water and carbon dioxide are not limiting resources 
for photosynthesis or primary productivity in the ocean. However, marine 
productivity is controlled or limited by the availability of the other two necessary 
resources — sunlight and nutrients.

 . How do you think the availability of limiting resources might vary in the 
ocean? (Where or when would they be high or low?) 

This question requires speculation — answers will vary. Sunlight may be limited near 
the poles (during winter) and in regions that are frequently covered by clouds. Sunlight 
is also limited with depth, depending on the clarity of the water. Nutrients would be 
limited in the open ocean, far from terrestrial sources or from upwelling zones that bring 
up nutrients trapped in bottom sediments.

nutrients — chemical compounds that are 
used by bacteria and plants as the building 
blocks for organic material. Common nutrients 
include:

 • phosphates (PO
4

-)
 • nitrates (NO

3
-)

 • silica (SiO
4

-)
 • iron (Fe3+)

biotic community — group of 
interdependent organisms inhabiting the same 
region and interacting with one another.

respiration — process by which organisms 
oxidize or “burn” food, producing water and 
carbon dioxide.

anchovies — a type of small fi sh, similar to 
sardines, that eat zooplankton.

tuna — a type of large predatory fi sh that eat 
other fi sh.
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 . Considering the availability of limiting resources, where would you expect 
phytoplankton to be most productive or least productive? (Near the 
equator or near the poles? Near the coast or in the open ocean?)

Answers will vary. Look for reasonable justifi cation based on student’s answer to 
question 5. Most logical prediction for “most productive” would be near the surface, the 
coast, and the equator.

 . How is the productivity of autotrophs important to society? Describe three 
diff erent ways in which a severe decrease in primary productivity would 
aff ect society.

 a. 

 b. 

 c. 

Answers will vary. A decrease in productivity would cause ocean waters to become 
oxygen-deprived, rich in carbon dioxide, and low on food for organisms feeding at the 
base of the food web. The eff ects of these changes would escalate up the food web, 
leading to a decrease in food supply (fi sh and shellfi sh) that many cultures depend on. A 
drastic decrease in productivity could have a negative impact on the economy by hurting 
both commercial fi sheries and the tourism industry. Fewer commercial fi sh available 
to be caught would result in the loss of jobs and profi ts for local economies worldwide. 
Fewer sport fi sh and unhealthy or damaged coral reefs would produce a decrease in 
tourism dollars.
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Phytoplankton are tiny — several of them could fi t side-by-side across the width 
of a human hair — but collectively, they pack a wallop. Phytoplankton are 
primary producers, serving as the fi rst link in almost every food chain in the ocean. 
Th ey transform water and carbon dioxide into carbohydrates, which they use for 
producing energy for growth and reproduction. Phytoplankton, in turn, are food 
for other organisms, passing carbohydrates and other nutrients up the food chain. 
Because phytoplankton release oxygen during photosynthesis, they also play a 
signifi cant role in maintaining the proper balance of Earth’s atmospheric gases. 
Phytoplankton produce about half of the world’s oxygen and, in doing so, remove 
large amounts of carbon dioxide from the atmosphere.

Given the central role of phytoplankton in stabilizing the mixture of gases in 
Earth’s atmosphere and in providing food for other organisms, it is important 
to monitor their location and rate of productivity. Although it is impossible to 
directly measure the productivity of phytoplankton on a global scale, there are 
several ways of making indirect calculations. One method relies on the distinctive 
way that chlorophyll, the green pigment in phytoplankton and other plants, 
refl ects sunlight. By using satellites to measure the chlorophyll concentration of 
the ocean surface layer, scientists can estimate the rate at which phytoplankton 
produce carbohydrates (Figure ). Because carbon is the key element in the 
process, productivity is measured in terms of kilograms of carbon converted per 
square meter of ocean surface (kgC/m) per year.

Global primary productivity
In this exercise you will examine global primary productivity and its relation to the 
factors that support phytoplankton growth.
  Launch ArcMap, and locate and open the etoe_unit_.mxd fi le.

Refer to the tear-out Quick Reference Sheet located in the Introduction to this 
module for GIS defi nitions and instructions on how to perform tasks.
   In the Table of Contents, right-click the Primary Productivity data frame 

and choose Activate.
   Expand the Primary Productivity data frame.

Th is data frame shows the average annual primary productivity for terrestrial and 
marine environments. During their respective winters, regions near the north 
and south poles receive little or no sunlight, making satellite measurements 
impossible. Nonetheless it is reasonable to assume that, with no sunlight, winter 
primary productivity in these regions is essentially zero.

 . What colors represent areas of highest and lowest productivity?

 a. Highest               Dark green.

 b. Lowest                White.

The life-giving oceanInvestigation 4.2

primary productivity — the rate at 
which new organic material is formed by 
photosynthesis. 

Photosynthesis
The general chemical equation for 
photosynthesis is:

carbon
dioxide

water glucose
(carbohydrate)

oxygen

sunlight
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Figure 1. The MODIS (MODerate-resolution 
Imaging Spectrometer) instrument on the Terra 
satellite is the latest tool for measuring primary 
productivity from space.
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 . On Map , circle the land areas with the highest productivity using solid 
lines, and the land areas with the lowest productivity using dashed lines.

Map 1 — Areas of highest and lowest productivity

Turn off  the Terrestrial Productivity layer.
  Using the Zoom In tool  , examine, in detail, the areas with the highest 

marine productivity. 
When you are fi nished, click the Full Extent button  to zoom back out 
to show the entire map.

 . Mark the ocean areas with highest productivity on Map  using the label H 
(high), and the ocean areas of lowest productivity using the label L (low).

 . Where is marine productivity generally

 a. highest?

Marine productivity is highest near the coasts, and decreases with distance from the 
coasts.

 b. lowest?

Marine productivity is lowest in the southern high latitudes and the centers of ocean 
basins, away from coastlines.

 . Compare the locations of regions of high terrestrial and marine 
productivity on Map . Describe any geographic patterns or similarities in 
their distribution.

The only obvious geographic relationship between regions of high terrestrial and high 
marine productivity appears to be off  the western coast of equatorial Africa. There is a 
region of high marine productivity off  the western coast of equatorial South America, 
but they are separated by a narrow zone of low productivity (the Andes Mountains).

Productivity and distance from coast
Next, you will examine productivity near the coastline in greater detail.

 Turn off  the Marine Productivity layer.

HL
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 Turn on and expand the Coastal 
Productivity layer.

 Click the Summarize button  .
  In the Summarize window, select 

Coastal Productivity as the feature 
layer.
Select Distance as the fi eld to 
summarize in the drop-down menu.

 Double-click Area (m^) to display 
the statistics options, check Sum.

 Next, double-click Total 
Productivity (kgC) to display the 
statistics options, check Sum, and 
click OK. (Be patient — summary 
tables may take a while to process.)

In the resulting summary table, the Sum TOTAL_Prod fi eld gives the total 
productivity, and the Sum_PROJECTED fi eld gives the total area, for each 
coastal zone. Th ese values are very large, in the trillions. One trillion is the word 
for the number value ,,,,.

 . Record the total productivity and total area for each coastal zone in Table 
. Round productivity and area to the nearest . trillion. (See sidebar for 
help with converting values to trillions.)

Table 1 — Marine productivity with distance from coastline

Coastal zone Total productivity
trillion kgC

Total area
trillion m2

Average productivity
kgC/ m2

Open Ocean (> 960 km) 27.7 211.0 0.13

Far (640 – 960 km)    5.9   37.7 0.16
Mid (320 – 640 km)    7.5   43.4 0.17
Near (0 – 320 km) 24.3   72.5 0.34

 . Calculate the average marine productivity for each zone and record your 
results in Table . Round to the nearest . kgC/m. (See sidebar for help 
calculating average productivity.) 

 . What happens to the level of marine productivity as the distance seaward 
from the coastline increases?

Productivity decreases with distance seaward from the coast.

 . Of the resources necessary for photosynthesis (water, sunlight, carbon 
dioxide, and nutrients), which do you think is most likely to change with 
distance from the coast to produce the pattern you observe in Table ? 
Explain your answer.

Water, sunlight, and carbon dioxide are not going to change dramatically with distance 
from the shore, so nutrient levels must decrease with distance from the coast.

 Close the Summary Table window.

Calculating average productivity
To calculate average productivity, divide the 
Total Productivity by the Total Area. Be sure to 
write both measurements in trillions, so the 
trillions will cancel each other.

Example:

= 0.13 kgC/m2

Total Productivity

Total Area

27.7 trillion kgC

211.0 trillion m2
=

Converting to trillions
Move the decimal point 12 places to the left, 
then round to the appropriate decimal place.

Example: 

27656585301787.3

= 27.7 trillion
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Understanding the patterns 
In this section, you will determine when and where sunlight and nutrients control 
marine productivity. You will examine nitrates and phosphates, but other nutrients 
like silica and iron aff ect productivity in similar ways.

 Turn off  and collapse the Coastal Productivity layer.
  Turn on the Marine Nutrients layer group. 
  Turn on and expand the Nitrates layer.

Nitrates and phosphates are important nutrients that are used by autotrophs for 
building complex molecules needed for growth and development. Th e Nitrates 
layer displays the average annual level of nitrates in the world’s oceans in terms of 
micromolarity, or millionths of a mole of nitrate per liter of seawater (see sidebar).

 . Which latitude bands have the highest and lowest concentrations of 
nitrates? (See Latitude bands sidebar for help.) 

 a. Highest.

Highest in southern middle and high latitudes (60 – 90˚ S). Also, pockets of high 
concentrations in around 60˚ N.

 b. Lowest.

Lowest in the northern and southern low latitudes (0 – 30˚ N and S).

 Turn off  and collapse the Nitrates layer.
  Turn on and expand the Phosphates layer.

Th e Phosphates layer shows the average annual concentration of phosphates in 
the world’s oceans in terms of micromolarity. 

 . Which latitude bands have the highest and lowest concentration of 
phosphates?

 a. Highest.

Highest in southern middle and high latitudes. Also, pockets of high concentrations in 
around 60˚ N.

 b. Lowest.

Lowest in the northern and southern low latitudes (0 – 30˚ N and S).

 . Are the patterns for both nutrients similar? If not, how do they diff er?

The concentrations of both phosphates and nitrates are similar.

 Turn off  and collapse the Phosphates layer.
  Turn on the Solar Radiation Flux layer.

Th is layer shows the average annual solar radiation that strikes Earth’s surface, in 
watts per square meter (W/m).
  Click the Media Viewer button  and open the Solar Flux Movie.

Micromoles
Micromolarity is a measure of concentration 
used to describe very weak solutions. The 
metric prefi x micro represents one millionth. 
A mole is 6.02 × 1023 molecules (or atoms), 
so a micromole is one millionth of a mole, or 
6.02 × 1017 molecules. That seems like a lot, but 
when dissolved in a liter of water (55.5 moles, or 
about 3.34 × 1025 water molecules) it’s only one 
molecule of nutrient for every 200 million water 
molecules. That’s a weak solution.

Latitude bands
Low latitudes

  0° – 30° N and S
near equator

Middle latitudes

  30° – 60° N and S
between equator and poles

High latitudes

  60° – 90° N and S
near poles

nutrients — chemical compounds that are 
used by bacteria and plants as the building 
blocks for organic material. Common nutrients 
include:

 • phosphates (PO
4

-)
 • nitrates (NO

3
-)

 • silica (SiO
4

-)
 • iron (Fe3+)

dawn
Text Box

dawn
Text Box

dawn
Text Box

dawn
Text Box

dawn
Text Box



Exploring the Ocean Environment Unit 4 – Marine Productivity

The life-giving ocean 133

Th is animation shows changes in solar radiation throughout the year. Th e time of 
year and the legend appear at the bottom of the image.

 View the movie several times.

Use the Solar Radiation Flux layer and the Solar Flux Movie to answer the 
following questions.

 . Near what latitude is the average solar radiation throughout the entire year

 a. highest?

Average solar radiation is highest near the equator.

 b. lowest?

Average solar radiation is lowest near the poles.

 . How does the pattern of nutrient concentration you noted in questions  
and  compare to the pattern of solar radiation? Explain your answer.

The location of high levels of nutrients appear to be almost exactly opposite the location 
of the highest average solar radiation on Earth’s surface. Where nutrients are high, 
average sunlight is low and vice versa. At middle latitudes, the levels of both nutrients 
and radiation are moderate.

 Close the Media Viewer window.
  Click the Media Viewer button  , and open the Productivity Movie.

Th is animation shows marine productivity throughout the year. Th e time of year 
is indicated at the top of the image, and the legend appears at the bottom. Black 
areas at high latitudes are where there was no sunlight during the winter; you may 
assume these areas have zero productivity.

Study the movie to examine how productivity changes throughout the year. 
Focus on only the extreme high and low levels of productivity. You will 
need to play the movie several times to fi ll in Table . 

 . In Table , enter the months and season when productivity is highest and 
lowest in each hemisphere. (See sidebar for help with the seasons.)

Table 2 — Productivity extremes by hemisphere

Hemisphere Months of high 
productivity

Season Months of low 
productivity

Season

Northern May – Sep Summer Nov – Feb Winter

Southern Dec – Feb Summer May – Sep Winter

  Close the Media Viewer window.

Th ere is very little seasonal variability in nutrients in the high-latitude oceans 
because the thermocline or temperature gradient between shallow and deep water 
is small, due to low solar-radiation input. Th is allows free circulation between 
deep nutrient-rich water and shallow nutrient-poor water. Th e year-round strong 
solar radiation in equatorial regions creates a strong thermocline (warm shallow 
water and cold deep water), which inhibits shallow- and deep-water circulation. 
Equatorial upwelling does bring nutrients to the surface in some areas, but 

Earth’s Seasons are
 • caused by the tilt of Earth’s axis.
 • opposite in the northern and southern 

hemispheres.

Dates
(typical)

Hemisphere

Northern Southern

Dec 21 – Mar 20 Winter Summer

Mar 20 – Jun 21 Spring Fall

Jun 21 – Sep 22 Summer Winter

Sep 22 – Dec 21 Fall Spring
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nutrient levels are generally low at low latitudes, particularly during the summer 
when the air is very stable and winds are weak.

 . Discuss the infl uence that each of the following factors has on productivity 
at high latitudes, and how productivity in high-latitude regions may 
change with the seasons.

 a. Sunlight

Solar radiation is the key factor in seasonal changes in productivity — high levels of 
productivity occur in these regions only when adequate levels of solar radiation are 
available for photosynthesis.

 b. Nutrients

Nutrients are available in high-latitude regions throughout the year, and do not 
infl uence seasonal productivity changes.

 . Discuss how sunlight and nutrient levels contribute to the productivity 
pattern at low latitudes, and how productivity in that region may change 
with the seasons.

 a. Sunlight

Adequate solar radiation is available throughout the year at low latitudes.

 b. Nutrients

Equatorial upwelling brings nutrients to the surface in some areas, but nutrient levels 
are generally low at low latitudes, particularly during the summer when the air is very 
stable and winds are weak at low latitudes. 

In the next activity, you will learn more about marine productivity, the sources 
of marine nutrients, and the processes that bring nutrients to the surface near the 
coastlines and in the open ocean.
  Quit ArcMap and do not save changes.
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